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1.  Introduction 

Wireless Local Area Network (WLAN) systems including HIPERLAN/2, IEEE802.11a, and 
HiSWANa [1] have been developed and provide transmission rates of up to 54 Mbps for short range 
communication in indoor environments. The maximum transmission speed of these WLAN systems 
can be achieved in locations where the received level becomes high such as in a line-of-sight (LOS) 
region. Therefore, especially in an office environment, establishing multiple base stations (BSs) in 
one room is commonplace in order to increase the LOS regions where users can communicate at the 
maximum transmission speeds. Therefore, these LOS regions represent an important area as a major 
radio propagation environment for indoor wireless communications using WLAN systems. 
Furthermore, future WLAN systems, which will provide transmission speeds of over 100 Mbps, are 
developing and are attracting much attention [e. g. 2]. The Multiple-Input Multiple-Output (MIMO) 
technique is considered a candidate to achieve such high transmission speeds. According to the 
development of such a high-speed wireless access system, various studies on indoor multipath 
propagation characteristics have been conducted [e.g. 3], but there is still a lack of detailed studies on 
the broadband (MIMO) channel model for indoor LOS environments. 

This paper proposes a new dynamic delay profile model in LOS indoor environments for 
designing the broadband WLAN systems based on measured results in terms of the variation 
characteristics of the front wave component. Furthermore, the difference between using conventional 
and the proposed delay profile model in evaluating the MIMO channel capacity is also presented.  
2.  Conventional broadband WLAN channel model 

The Medbo model [4] is representative of a channel model for broadband Single-Input 
Single-Output (SISO) WLAN systems. The delay profile (delay tap) models such as that shown in Fig. 
1 for five different indoor scenarios are prepared for designing SISO WLAN systems [4]. Recently, 
the broadband MIMO WLAN channel model, which is an extension of the Medbo model, has also 
been prepared for the design of broadband MIMO WLAN systems in IEEE 802.11 TGn (Task Group 
n) [5]. The MIMO channel matrix, HT, for each tap, at one instance of time, in the delay profile model 
for some different indoor environments comprises a fixed (constant, LOS) matrix and a Rayleigh 
(variable, NLOS) matrix expressed as Eq. (1). 
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where PT is the power of each tap, Kr is the Nakagami-Rician K-factor, HF is the fixed LOS matrix, 
and Hv is the variable NLOS matrix. The LOS K-factor is applicable only to the first tap while the 
K-factor of all the other taps remains at -∞ dB. Such a scheme for LOS channel modeling was adopted 
for not only a MIMO WLAN channel, but also the conventional SISO WLAN channel. That is, the 
level variation of the first tap is assumed to conform to the Nakagami-Rician distribution, and the 
level variation of all the other taps is assumed to conform to the Rayleigh distribution for SISO or 
MIMO. However, there is still a lack of detailed study on the value of Kr, or the distribution itself of 
the level variation for the first tap in an indoor LOS environment. 
3.  Variation characteristics of first tap and delay taps in real indoor LOS environments 

Measurements of the delay profile snapshots were carried out in three representative indoor 
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LOS environments to reveal the characteristics of level variation for the first tap and the other taps. 
The measurement conditions and features are given in Tables I and II, respectively. The measurements 
were performed along some measurement routes in each room. A transmitter on a trolley was used as 
the mobile station (MS) and traveled along these routes at a constant speed of approximately 0.5 m/sec. 
A delay profile snapshot was acquired every 102.3 msec. The measuring trolley put out electric pulse 
about running distance were recorded simultaneously. The measured delay profile snapshots, which 
correspond to 5 cm segments, were analyzed off-line. 

Figure 2 shows an example of the acquired delay profile snapshots (portion), and Fig. 3 shows 
an example of the level variation in the front wave (corresponding to the level variation of the first tap) 
for a relative moving distance. The data of the front waves were extracted from the delay profile 
snapshots such as that shown in Fig. 2 while satisfying the Wide Sense Stationary (WSS) condition. 
The data shown in Figs. 2 and 3 were acquired in the conference room (corresponding to the bottom of 
Table I). The data such as that shown in Figs. 2 and 3 in all environments given in Table I were 
acquired and analyzed in terms of the cumulative probability distribution. Furthermore, the data from 
the delay waves in the acquired delay profile snapshots and those for the front waves were treaded in 
the same way. 

Examples of the acquired cumulative probability distribution of the relative level of the front 
wave and delay waves are shown with the calculated distribution in Figs. 4(a) and 4(b), respectively. 
The solid line in Figs. 4(a) and 4(b) represent the measured distribution of the relative level of the 
front wave and delay waves, respectively, and the dotted lines in the figures represent the calculated 
Nakagami-Rician distribution (K-factor = 3 and 6 dB) and Rayleigh distribution, respectively. In Fig. 
4(a), the measured distribution of the relative level of the front wave does not agree with the calculated 
Nakagami-Rician distribution that is assumed for the level variation of the first tap in the conventional 
delay profile models. In Fig. 4(b), the measured distributions of the relative level of the delay waves 
(only at 50, 100, 150, and 200 nsec are shown in Fig. 4(b) as examples) are in good agreement with the 
calculated Rayleigh distribution that is assumed for the level variation of all the delay taps except for 
the first tap in the conventional delay profile models. These results are for the case in the conference 
room, but similar trends were observed for all other cases in Table I. 

In the next section, we describe a new model for the level variation of the first tap that agrees 
with the measured characteristics of the level variation of the front wave in a real indoor environment. 
4.  New level variation model for the first tap in real indoor LOS environments 
The arrival waves that influence the level variation of the first tap in LOS environments are the direct 
and delayed waves that arrive at the first tap. For example, in the delay profile model shown in Fig. 1, 
where the interval between the first tap and second tap is 10 nsec, the arriving delayed waves within 
the first tap should be considered to be delayed waves where the difference in the path length 
compared to that of the direct wave is less than 1.5 m. The applicable delayed waves under this 
condition in general indoor LOS environments are reflected waves from the ceiling and floor. 
Therefore, a new level variation model of the first tap is proposed as a level variation due to those 
three waves (direct wave, reflected wave from ceiling, and reflected wave from floor) as shown in Fig. 
5. The probability density function (p.d.f) of the three-wave distribution, P(r), is given as follows [6]: 
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where K[x] is the complete 1st kind Elliptical Integral. The power ratio of the direct wave to the other 
two reflected waves is defined as Eq. (3). 
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The calculated examples of the cumulative probability of the three-wave distribution are shown to the 
left in Fig. 6. The Nakagami-Rician distribution examples are shown to the right in Fig. 6 as a 
reference. Figure 7 shows the cumulative probability distribution of the measured level of the front 
wave with the calculated cumulative probability of the three-wave distribution for each indoor 
scenario as given in Table I. The measured results in the conference room, office, and apartment are in 
very good agreement with the calculated three-wave distribution with K3 = 8, 9, and 10 dB, 
respectively. It can be said that the three-wave distribution model for level variation of the first tap can 
represent the characteristics of the measured level variation of the front wave in real LOS indoor 
environments. 
5. Difference between using conventional and proposed delay profile model in evaluating 

MIMO channel capacity 
The channel capacity for broadband MIMO transmission in a LOS indoor environment was 

calculated using both the conventional model for a LOS large office [5] applying the 
Nakagami-Rician distribution with Kr = 6 dB to the first tap and the proposed model applying the 
three-wave distribution with K3 = 6 dB to the first tap. A MIMO-OFDM (Orthogonal Frequency 
Division Multiplexing) system with the bandwidth of 20 MHz and the number of sub-carriers of 64 
was assumed as the target system. We assumed 2 x 2, 4 x 4, and 8 x 8 (transmit x receive) antenna 
arrays. The separation between the antenna branches was assumed to be 1 λ. The channel capacity in 
terms of sub-carriers was calculated using the following equation. 
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where N is the number of sub-carriers, f is the frequency, ∆f is the sub-carrier interval, s is the S/N 
which is 10 dB in this case. nt is the number of branches for the transmit arrays, H(f) is the broadband 
MIMO channel matrix, and ◊H  is the conjugate transpose of H. Figure 8 shows an example of the 
calculated results. The calculated value when using the proposed model is larger than that when using 
the conventional model. The difference in the calculation value between using the conventional and 
proposed model tends to be large when the number of antenna arrays is small. The difference at 50% 
of the cumulative probability is 88, 51, and 11 kbps/sub-carrier when assuming the use of 2x2, 4x4, 
and 8x8 antenna arrays, respectively. 
6.  Conclusions 

A new dynamic variation model of the delay profiles in LOS indoor environments to design a 
broadband transmission system was proposed based on the measured delay profile snapshots in real 
indoor LOS environments. In particular, we conducted a detailed study on the variation characteristics 
of the front wave and revealed that the distribution of the level variation of the front wave conforms to 
a three-wave distribution. The results of this study were applied to the delay tap channel model. 
Furthermore, we presented the difference between using the conventional and newly proposed 
dynamic delay profile model based on the evaluation of the MIMO channel capacity.  
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Figure 1. Example of delay tap model (Office) 
 
Table I. Measurement Conditions (Left) 
Table II. Measurement Features (Right) 

Environment
(size, (m))

Tx / Rx ant.
height (m)

Apartment
(3 * 8 * 3) 1.3 / 1.3

Office
(20 * 30 * 3) 1.0 / 2.7

Conference room
(7 * 13 * 3) 1.0 / 2.7

Center freq.

Detection
method

Sliding
correlation

5.2 GHz

PN code 1023 bits
Chip rate 60 MHz
Tx/Rx 
antenna

Dipole
(2 dBi)

Polarization Vertical
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Figure 2. Example of acquired snapshots of 

delay profile in conference room (Left) 
Figure 3. Example of level variation of front 

            wave in conference room (Right) 
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Figure 4(a). Example of variation characteristics 

of 1st delay wave (Left) 
Figure 4(b). Example of variation characteristics 

of delay waves (Right) 
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Figure 5. Propagation model for variation of 1st  

tap 
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Figure 6. Example of cumulative probability of 

three wave distribution (Left) and  
Nakagami-Rician distribution (Right) 
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Figure 7. Variation characteristics of front wave 
 
 
 
 
 
 
 
 
 
Figure 8. Calculation examples of channel 

capacity 
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